The relative effect of a freeze-thaw cycle on photosynthesis, respiration, and ion leakage of potato leaf tissue was examined in two potato species, Solanum acaule Bitt. and Solanum commersonii Dun. Photosynthesis was found to be much more sensitive to freezing stress than was respiration, and demonstrated more than a 60% inhibition before any impairment of respiratory function was observed. Photosynthesis showed a slight to moderate inhibition when only 5 to 10% of the total electrolytes had leaked from the tissue (reversible injury). This was in contrast to respiration which showed no impairment until temperatures at which about 50% ion leakage (irreversible injury) had occurred. The influence of freeze-thaw protocol was further examined in S. acaule and S. commersonii, in order to explore discrepancies in the literature as to the relative sensitivities of photosynthesis and respiration. As bath cooling rates increased from 1°C/hour to about 3 or 6°C/hour, there was a dramatic increase in the level of damage to all measured cellular functions. The initiation of ice formation in deeply supercooled tissue caused even greater damage. As the cooling rates used in stress treatments increased, the differential sensitivity between photosynthesis and respiration nearly disappeared. Examination of agriculturally relevant, climatological data from an 11 year period confirmed that air cooling rates in the freezing range do not exceed 2°C/hour. It was demonstrated, in the studies presented here, that simply increasing the actual cooling rate from 1.0 to 2.90C/hour, in frozen tissue from paired leaflet halves, meant the difference between cell survival and cell death.
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While the effects of freezing on a number of essential cellular and subcellular processes have been extensively studied (1 1, 13, 14) , there has been little effort to relate systematically the sequential development of injury to several of these processes during the imposition of realistic freezing and thawing stress on an intact tissue system. To the contrary, many of the investigations in this area rely solely on results obtained with isolated systems, such as chloroplasts or thylakoid membranes, which can lead to conclusions that are often non consistent with those derived from intact tissue (8, 9) . Al though one can gain valuable information from such studies, regarding some aspects of freeze-induced impairment of photosynthetic functions, one can clearly not gain an understanding of the interactions among the various cellular compartments within an intact tissue during freeze-thaw stress. For example, Singh et al. (27) have demonstrated that fully functional plant mitochondria can be isolated from cells which have been lethally damaged by freezing stress. Prolonged exposure of mitochondria to the altered cellular environment, however, was found to result in the loss of function. Little work has been done on the effect ofthe reversible or transitory changes in the cellular environment on organellar function.
The general preoccupation with dramatic events during experimental freezing tests, such as the rather sudden loss of cellular functions within a very narrow temperature range, has led most investigators to overlook very early events in the initial stages of freezing injury. The results of Palta et al. (7, 18, 19, 23) have shown that freeze-induced functional alterations of the cellular membrane transport proteins are gradual and reversible. Alterations in membrane transport properties would clearly result in an altered cellular environment. In spite ofthis altered environment, no changes in the ultrastructure of the chloroplasts nor the mitochondria are observed at incipient (reversible) injury, while swelling and ultrastructural disorganization are observed following a lethal (irreversible injury) freeze-thaw stress (17, 21, 22) . The protocols frequently used to study freezing tolerance often produce stresses which have little relevance to freezing stress in the natural environment and tend to obscure subtle changes occurring during incipient injury. Levitt (1 1) noted (but provided no data) that air cooling rates in nature are usually less than 1 to 2°C/h and that ice nucleation generally occurs before tissue temperature reaches -2°C. In spite of this common observation, some recent studies investigating the mechanism of freezing injury have used cooling rates of 6 to 20°C/h (10, 25) and 60°C/h (3, 24) . In some studies there is no indication that the nucleation temperature was controlled (9, 10, 25) . Many studies investigating the mechanism of freezing injury to the photosynthesis apparatus using isolated membrane preparations have utilized cooling rates of 20 to 1 50C/h (4, 5, 26) .
The studies on freezing stress presented here were designed to investigate the alterations in cell membrane, chloroplast, and mitochondrial function following a realistic, freeze-thaw stress. The approach utilized here allowed investigation of the sequential development of injury to these three cellular functions. Our results demonstrate that (a) chloroplast, mitochondrial, and cell membrane function differ in their sensitivity to a realistic, freeze-thaw stress; (b) the conclusions on the sensitivity of these three functions are highly dependent upon the freeze-thaw protocol utilized; and (c) slight increases in freezing rates above those normally occurring in nature can mean the difference between cell survival and cell death.
MATERIALS AND METHODS

Plant Material
Two wild, tuber-bearing potato species were used in this study; Solanum acaule Bitt. (PI 472659) and Solanum commersonii Dun. (PI 472834), which when grown under the conditions described below, can survive frosts down to -6.0 and -4.5°C, respectively (2, 12) . Clonal material from each species was maintained in aseptic culture on MS media (16 Leaves that were nearly 'fully expanded' (80-90% of the largest leaves on the plant) and which had been exposed to an incident light level of 375±25 Lmol. s-.m-2 PAR under controlled environment conditions (see "Plant Material") were excised from S. acaule or S. commersonii at the time of the experiment. The terminal and two subtending lateral leaflets of S. acaule were removed as a unit, still attached to the rachis and tissue was then exposed to a freeze-thaw stress using the procedure similar to that of Sukumaran and Weiser (30) . Freezing was initiated between -0.5 and -1.0°C with ice crystals and tissue was then cooled at a rate of 1.0°C/h. The tissue temperature was monitored with 0.1 mm diameter copper-constantan thermocouples. Samples were held for 30 min at the minimum temperature before thawing for 2 h on ice. In our preliminary experiments we found that both healthy and injured leaf tissue will maintain its initial photosynthetic state when held on ice in the dark, for at least 10 h (28).
Experiment 2. Comparison of Protocols
To compare our results with those obtained by Klosson and Krause (9) we used their cooling rates in our system and simulated the possible early and late ice nucleation extremes that could occur if ice nucleation was left uncontrolled. Leaflets were selected and prepared for freezing as in experiment 1. (A) Slow freeze: This was the same procedure as used in experiment 1. (B) Fast freeze: Bath temperature was lowered from 5°C at a continuous rate of 3 or 6°C/h to -3.5 or -4.5°C and freezing was initiated at -1.0°C by nucleation with ice crystals. Bath temperature was maintained at the minimum temperature for 2 h, followed by rewarming to 5°C at the same rate as cooling. Tissue was then held on ice in the dark for up to 2 h until assays could be conducted. (C) Flash freeze: This procedure was similar to the fast freeze with the only difference being that ice nucleation was initiated when the tissue reached the minimum temperature of -3.5 or -4.5°C rather than -1 .0°C. (D) Supercooling: The procedure followed here was identical to the two previous protocols except that no ice nucleation was initiated. Any samples that spontaneously nucleated, as determined by the release of latent heat, were discarded.
Experiment 3. Comparison of Two Freezing Rates on a Single Leaflet
To reduce errors due to tissue variability, the effects of two different freezing rates were studied on tissue from a single leaflet. In this approach, terminal leaflets of S. commersonji were divided down the midvein. Tissue from each of these paired leaflet halves were then subjected to one oftwo freezing rates, either slow freezing similar to experiment 1 or fast freezing similar to the fast freeze protocol in experiment 2. Freezing was initiated in leaftissue at -0.5°C with ice crystals and then held for 30 min until tissue had frozen and equilibrated at this temperature. Frozen tissue then was cooled at the slow (1.0°C/h) or fast (2.9°C/h) rate to -3.5°C and held for 1 h once tissue had reached this minimum temperature. Tissue was then thawed on ice in the dark for at least 2 h before assays were conducted. Freshly harvested controls and chilled controls which were held on ice in the dark for the duration of the freezing and thawing treatments were also assayed for comparison.
Photosynthesis and Respiration Measurements
Assays of photosynthetic oxygen evolution and respiratory oxygen uptake were conducted in a similar manner to the procedures used in earlier studies (29) . In experiment 1, four discs (13 mm diameter) were cut from two terminal leaflets which had been frozen in separate tubes. Leaf discs were infiltrated with buffer, consisting of 50 mm Hepes-KOH and 0.5 mM CaSO4 (pH 7.2), and then sliced into pieces approximately 1.5 x 3.0 mm for measurement of photosynthesis and respiration in a Clark-type oxygen electrode (model 53, Yellow Springs Instruments, Yellow Springs, OH). A single leaf disc was used in experiments 2 and 3. Assay buffer was 50 mM Hepes-KOH, 0.5 mm CaSO4, and 20 mM NaHCO3 (pH 7.2). All light was excluded from the chamber and linear rates of respiratory oxygen uptake at 20C were recorded for 8 min. (29) . Chl was extracted in 96% ethanol from tissue pieces and determined spectrophotometrically according to Wintermans and Demots (31) .
Ion Leakage
Tissue from the same leaflet or leaf used in the previous assays was utilized for ion leakage measurements. Leaflet midribs and margins were removed in all cases and about 0.5 g of tissue was excised. In S. commersonii, tissue for ion leakage measurements was taken from the terminal leaflet, whereas in S. acaule, tissue was taken from the subtending lateral leaflets. This tissue was infiltrated in distilled water and then shaken in 20 mL of distilled water for 1 h at 20 to 22C. Electrical conductivity of the leachate was measured using a conductivity salt bridge (YSI conductivity meter, Yellow Springs Instruments, Yellow Springs, OH). Results were expressed as a percentage of total leakage following heat killing of tissue.
RESULTS
Experiment 1. Simulation of Natural Freeze-thaw Stress
Three important cellular functions, namely photosynthesis, respiration, and membrane permeability, differed markedly in their sensitivity to a freeze-thaw stress when intact tissue was used (Fig. 1) . With increasing stress (lower temperature), an inhibition of net photosynthetic oxygen evolution was apparent much earlier than was the inhibition of respiratory oxygen uptake. Moderate declines in photosynthetic capacity, of 19 and 13% of freshly harvested controls, were seen already in tissues subjected to -2.5 and -3.0°C, respectively (Fig. 1 ). At a freezing stress of -4.0°C, photosynthetic capacity had declined to 43% of control. In contrast, tissue respiration was not significantly impaired at -4.0°C (96% of control) and in fact appeared to be slightly stimulated in tissues subjected to temperatures at or above -3.5°C. A significant inhibition of respiration was first observed at -4.5°C (to 67% of control) with a concomitant drop of photosynthesis to 16% of control in the same tissue. In tissues subjected to -5.0°C, photosynthesis was completely inhibited while respiration rates were sustained at about one-third of control (Fig. 1) . Similar trends were observed in S. commersonii (data not shown).
Ion leakage which is an indirect measurement of the integrity of cellular membranes showed a somewhat different response to increased freezing stress than did photosynthesis and respiration (Fig. 1) . There was an initial doubling in the amount of ion efflux from the tissue (representing only 5% of the total solutes) at -2.0°C where no adverse effect was seen on photosynthesis and respiration ( Fig. 1 and inset) . Photosynthetic rates began to decline as ion leakage remained relatively stable between -2.0 and -3.5°C. However, respiration did not begin to decline until over 50% of the total solutes had leaked from the tissue (between -4.0 to -4.5C). The chilling of freshly harvested leaf tissue on ice for 24 h caused no increase in ion leakage over fresh controls (Fig. 1 ) and generally gave a slight stimulation of respiration and a slight inhibition of photosynthesis (28).
Experiment 2. Comparison of Protocols
The approach in this set of experiments was to explore the various scenarios that could result from the freezing protocols used by Klosson and Krause (9) . In the absence of ice formation (supercooling treatments), at cooling rates of 3.2°C/h ( Fig. 2A) (Fig. 2, B and C) . Ice nucleation between -0.5 and -1 .0C resulted in tissue cooling rates that were less than bath cooling rates, while the ice nucleation of supercooled tissue at -3.5 or -4.5°C, resulted in tissue cooling rates that exceeded bath cooling rates. In experiments in which ice formation was initiatedbetween -0.5 to -1.0C, leaftissue cooled at 2.9°C/h when bath temperature was lowered to -3.5°C at a cooling rate of 3.2°C/h (Fig. 2B) . Tissue froze at 5.1C/h, when bath temperature was lowered to -4.5°C at a cooling rate of6.4°C/h (data not shown). When ice nucleation was initiated in supercooled tissue at -3.5 or -4.5°C, leaf tissue froze at 3.6°C/h (Fig. 2C ) and 7.1C/h (data not shown), respectively.
Although the minimum tissue temperatures attained were identical in each set of experiments (Fig. 2, A, B , and C), the various freeze-thaw protocols had dramatically different effects on photosynthesis, respiration, and ion leakage. Photosynthesis was slightly stimulated in tissue supercooled to -3.5°C (Fig. 3A) . While the slow freeze resulted in a 40% inhibition of photosynthetic capacity, the fast freeze and flash freeze treatments resulted in more dramatic inhibitions of about 80 and 90%, respectively, compared to control (Fig.  3A) . The flash freezing of tissue supercooled to -3.5°C re- sulted in the fastest rate of freezing (Fig. 2C ) and the greatest damage (88% inhibition) to photosynthesis (Fig. 3A ). Increasing the level of stress to -4.5°C and the cooling rates to 6°C/ h resulted in more severe damage to photosynthesis, although the same trends among protocols were observed (Fig. 3B) . Photosynthesis was inhibited 12% when tissue was supercooled to -4.5°C at 6°C/h, and inhibited by 80% when tissue experienced a slow freeze (Fig. 3B) . However, photosynthetic oxygen evolution was totally eliminated in the tissue exposed to the fast and flash freeze treatments at this temperature.
In tissue supercooled to -3.5°C, respiration was markedly stimulated (136% of control), whereas the slow freeze treatment to this temperature had little effect (Fig. 3A) . The fast freeze and flash freeze treatments resulted in much greater declines in respiration rates than the slow freeze treatment, with 21 and 34% reductions, respectively. In supercooled tissue, increasing the stress level to -4.5°C with a 6°C/h cooling rate, still resulted in respiration rates that were slightly higher than controls (Fig. 3B) . Slow freezing to -4.5°C, gave a large decline in respiration of about 40%, whereas in the fast freeze and flash freeze treatments, respiration was reduced by about 85%. Thus, as with photosynthesis, the sensitivity of respiration to a given low temperature was determined by the protocol.
Ion leakage from supercooled tissue was similar to control following cooling to either -3.5 or -4.5°C (Fig. 3, A and B) . However, a slow freeze to -3.5°C gave a slight but significant .Fin (1) increase in electrolyte leakage compared to control (Fig. 3A) . Tissue treated with fast and flash freeze treatments resulted in a marked increase in electrolyte leakage over control, 3-and 8-fold, respectively (Fig. 3A) . The ion leakage at -3.5°C by fast freezing was 11 %; however, this leakage was 31% in the flash freeze protocol. An increase in the freezing stress from -3.5°C to -4.5°C resulted in a large increase in electrolyte leakage from 6 to 45% of the total solutes in the slow freeze treatment. This level of leakage corresponded to large declines in both photosynthesis (to 39% of control) and respiration (to 55% of control). The leakage observed in the fast and flash freezing treatments with cooling and rewarming rates increased to 6.4°C/h was about 80% and corresponded to almost total inhibition of both photosynthesis and respiration (Fig. 3B) .
Experiment 3. Comparison of Two Freezing Rates in Divided Leaflets
In paired sections of a leaflet (Fig. 4 ) the slow freeze (1 .0°C/ h) to -3.5°C resulted in 17% ion leakage, whereas the fast functions. The only difference in these two treatments was in the rates at which nearly identical tissue (Fig. 4) was frozen. (mg ChlQ1 h-for total photosynthesis; 6.9 ± 0.32 Mmol oxygen uptake-(mg Chl)-' h-for respiration; and 4.5 ± 1.29% of total ions for ion leakage. freeze (2.9°C/h) to the same temperature resulted in 46% ion leakage (Fig. 5) . Respiration was largely unaffected by the two treatments, slightly stimulated by the slow freeze (1 11% of control), and slightly inhibited by the fast freeze (96% of control). Photosynthesis was the most dramatically altered by the two treatments, inhibited 54% by the slow freeze and 89% by the fast freeze (Fig. 5) . Respiration was nearly normal following both treatments in spite of substantial alterations in membrane permeability (enhanced ion leakage). However, the same alteration produced a dramatic inhibition of photosynthesis. Furthermore, the two treatments produced clear differences in sensitivity of membrane and photosynthetic Differential Sensitivity of Photosynthesis and Respiration to a Simulated Freeze-Thaw Stress
DISCUSSION
In the studies presented here, photosynthesis was clearly much more sensitive to a freeze-thaw stress than respiration ( Figs. 1; 3, A and B; 5) . The first change observed in cellular function was a small but significant increase in ion leakage at incipient freezing injury (Fig. 1) . This level of ion leakage which remained constant at freezing temperatures, between -2.0 and -3.5°C represented a two-to threefold increase over control values (Fig. 1, inset) , and was seen consistently from experiment to experiment. However, in this range a consistent decline in photosynthesis was observed while respiration was unaffected or slightly stimulated in some cases (Fig. 1) . Furthermore, the ion leakage at -3.5°C was only 10% of the total, indicative of nonlethal, reversible injury (17) . These data demonstrate that the freezing-induced impairment of photosynthesis during realistic freezing stress is not a cataclysmic phenomenon and occurs in a relatively intact cell compartment (i.e. low ion leakage and respiration unaffected). A sharp decline in photosynthesis, at this stress level, suggests that the chloroplast environment, possibly both externally and internally has been altered during the early stages of freezing injury. It is important to note that alteration in the photosynthetic and cell membrane functions (ion leakage) can be observed (Fig. 1, stress levels -2 .0, -2.5, and -3.0°C) even in reversibly injured (i.e. able to fully recover) tissue (17, 28) .
Cooling Rate and Ice Nucleation in Nature
The true frost tolerance of a plant species is ultimately its ability to survive a frost episode in the natural environment. It is therefore extremely important that experimental tests assessing relative tolerance are designed to provide an accurate simulation of the type and magnitude of stresses associated with frost damage. Examination of climatological data demonstrates that air cooling rates in the subzero range generally do not exceed 2°C/h (Table I) even during extreme drops in temperature and are usually 1-2°C/h during agriculturally relevant frosts of annual crop plants in Wisconsin (Fig. 6) . Levitt (11) noted a cooling rate of about 1C/h for plants experiencing freezing stress in nature. We have demonstrated that tissue temperature follows air temperature quite closely except during ice formation when the release of the latent heat of crystallization causes tissue temperature to lag considerably behind air (28) or bath temperatures (Fig. 2) b The range includes the maximum daily temperature preceding the frost to the minimum temperature reached during the frost.
c Temperature data was obtained from the National Weather Service in which hourly readings had been rounded to the nearest Fahrenheit degree. In order to minimize rounding influences, three consecutive hourly temperatures in the freezing range (covering 2 h) were regressed to determine the midpoint freezing rate.
was initiated between -1.0 and -3.7°C with a mean temperature of -2.6°C.
Influence of Freeze-Thaw Protocol on the Sensitivity of Photosynthesis and Respiration
In spite of these common observations, investigations into the mechanisms of frost tolerance frequently use very fast cooling rates, commonly 6 to 60°C/h (3, 10, 24, 25) . In addition, little attention is given to the point at which ice nucleation is initiated. Even if tissue temperature is lowered at rates approaching realistic values, the failure to initiate freezing in the experimental protocol (9, 10) can result in the potential flash freezing of supercooled tissue at much faster rates than anticipated (Fig. 2, A and B) . These protocols also tend to obscure subtle changes occurring during incipient injury. Furthermore, such cooling rates can produce stresses which may have little relevance to natural freeze-thaw stress experienced by herbaceous plants, such as intracellular freezing or extremely rapid rates of desiccation.
Intracellular freezing is almost always lethal to the cell, and in nature occurs rarely in herbaceous plants (1 1) . The extracellular water which is relatively pure as compared to vacuolar water has a much higher freezing point and therefore freezes first. Rapid desiccation during extracellular ice formation can cause greater injury since molecular adjustments during cellular dehydration appear to be necessary. In support of this explanation, slower dehydration and rehydration rates have been reported to be less damaging to onion epidermal cells (20) . In our study, the increase in damage to cell membrane and chloroplast functions when the rate of cooling was in- (Fig. 3B) . Respiration is reduced to a residual level at the faster freezing rates, suggesting total cellular disruption by intracellular ice formation. It is clear that the rate and/or temperature at which tissue freezing occurs has a dramatic effect on the degree of inhibition of chloroplast and mitochondrial functions. As the stress became more extreme with respect to freezing rates and minimum temperatures, the differences in the relative sensitivity of these two organelles was obscured (Fig. 3, A and B) .
Results reported here are in disagreement with those of 1 377
Plant Physiol. Vol. 89, 1989 Klosson and Krause (9) , who have found an equal sensitivity of photosynthesis and respiration to a freezing stress. The present study shows that the discrepancy can possibly be explained by important differences in freezing protocols (very rapid freezing rates and possibly flash freezing due to lack of controlled ice nucleation) used by these researchers. The protocols of Klosson and Krause (9) are nearly identical to the fast and flash treatments used in experiment 2. It is important to emphasize that simply increasing the cooling rate in frozen tissue, from 1 to 2.9°C/h can mean the difference between nonlethal (reversible) and lethal (irreversible) injury (Fig. 5) . Palta et al. (17) have shown that in S. commersonii leaf tissue there is nearly complete recovery from a level of freezing injury that causes 30% or less ion leakage while irreversible damage begins to appear as ion leakage exceeds this level. Ultimately, tissue in each freezing rate treatment experienced the same level of dehydration stress since adjacent tissue from the same leaflet (Fig. 4) would have approximately the same initial osmotic concentration and thus reach nearly identical levels of tissue water content at -3.5°C (2) . The mechanism by which the rate of dehydration affects cell functions is not clear; however, one important factor may be the amount of time required for various domains within the cell to equilibrate to the drastically changing cellular environment. This study also shows that the stress associated with ice formation, not simply tissue temperature is an important factor in freezing injury. The tissue samples that were supercooled showed essentially no inhibition (Fig. 3) . These results are in agreement with those of Lindstrom and Carter (15) who found no increase in ion leakage following short term supercooling to various freezing temperatures.
Summary
Results of this study show that during the progressive removal of cellular water by freezing stress, the impairment of various cellular functions occurs. The data suggests that cell membrane functions are altered very early on, followed by a nearly simultaneous effect on photosynthetic function. Furthermore, the respiratory function seems to be much more buffered to cellular perturbations than is chloroplast function. It is important to note that the initial substantial alterations in cell membrane and chloroplast function are reversible (17, 28) indicating subtle changes rather than the dramatic effects which have been the subject of many other investigations.
Our results also clearly demonstrate that only slight deviations in the experimental freezing protocol can result in dramatic differences in the type and magnitude of the stress produced. These different stresses produce very different results, yet in far too many studies in the area of frost tolerance, little effort is made to ensure that stresses produced in the laboratory approximate those occurring in the natural environment. LITERATURE CITED
